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The magnetization in ultrathin Fe layers (2.5-3.5 atomic layers) on Cu(100) reversibly switches be-
tween perpendicular (at low temperature) and in-plane magnetization (at higher temperature). The
switching temperature decreases with increasing film thickness. The switching transition is attributed to
the temperature dependence of the perpendicular anisotropy. The transition is accompanied by a loss of
magnetization over a temperature range of 20-30 K and shows evidence for a canted-spin configuration.

PACS numbers: 75.70.Ak, 75.25.+z, 75.30.Gw

Magnetization in ultrathin films (1-10 atomic layers)
has become a very active field of research recently.!
These systems serve as models in the study of fundamen-
tal properties of magnetism in two dimensions. Since an
isotropic 2D system: at finite temperature has no long-
range order,? two-dimensional ferromagnetism is dom-
inated by magnetic anisotropies; e.g., a uniaxial anisotro-
py induces Ising-like behavior.> The existence of perpen-
dicular uniaxial anisotropy is a natural consequence of
the reduced symmetry at an interface.* If the perpendic-
ular anisotropy is large enough, it can overcome the
shape anisotropy and force the magnetization to be per-
pendicular to the plane of the film.> In addition, epitaxi-
al growth of films on various substrates allows the stabil-
ization of novel structural phases that are not realized in
the bulk. These systems can be used to study the subtle
interplay between structure and magnetism.® With the
progress in sample-preparation techniques (molecular-
beam epitaxy in ultrahigh vacuum) together with the de-
velopment of surface-sensitive magnetometry and pro-
gress in electronic-structure calculations, there has been
renewed interest in the search for well-defined epitaxial
systems with large interfacial anisotropies.’

The magnetism of Fe films on Cu(100) and Ag(100)
has been studied by many techniques over the last few
years and, although much controversy exists on the de-
tails concerning the growth mode and quality of the
films,? it seems to be well established now that these sys-
tems have a dominant perpendicular anisotropy at low
temperatures.’

In this Letter we study the temperature-dependent
magnetization of films a few atomic layers thick by
spin-polarized secondary-electron spectroscopy. We find
a transition (“switching”) between perpendicular and
in-plane magnetization. Under appropriate sample-
preparation conditions the switching transition is perfect-
Iy reversible and is accompanied by a characteristic loss
of magnetization over a temperature range of 20-30 K.

The experiments were performed in a new UHV sys-
tem for spin-polarized secondary-electron spectroscopy.
Low-energy secondary electrons (0-1 eV), excited by a

1-keV primary electron beam (0.5 mm diameter), are
energy selected by a 90° spherical analyzer and their
spin polarization is then measured in a medium-energy
(30 keV) retarding-field Mott detector'? using a urani-
um foil as a scattering target.!! The spin polarimeter
consists of two orthogonal detectors so that the full vec-
tor polarization can be measured. The electron beam is
deflected electrostatically between the two detectors. In
addition, the apparatus is equipped with a cylindrical-
mirror analyzer for Auger-electron spectroscopy and a
low-energy electron-diffraction (LEED) optics for
structural characterization.

The films were evaporated from a chunk of high-
purity Fe by electron bombardment. The evaporator is
enclosed in a water-cooled jacket. The base pressure in
the system is in the 10 ~'!-Torr range and during Fe eva-
poration the pressure remains below 3x10 7' Torr.
Evaporation rates, monitored by a quartz microbalance,
were typically 1-2 A/min. The Cu crystal was oriented
to within 1° by Laue diffraction, spark cut, and mechan-
ically polished. It was cleaned by noble-gas-ion sputter-
ing and annealing cycles until contamination levels were
below the Auger detection limit (< 1%) and LEED
showed a sharp 1Xx1 pattern.

Following the suggestions of Steigerwald, Jacob, and
Egelhoff'? the Fe films were deposited with the Cu sam-
ple at 100 K in order to minimize interdiffusion and ag-
glomeration. This results in a very diffuse LEED pat-
tern. The contamination of the films (mainly oxygen) is
less than 3%. The samples were then annealed to 300 K
whereupon the LEED spots sharpened and (5% 1) super-
structure spots appeared. This structure was then stable
over the whole temperature range (100-350 K) in which
the switching behavior was investigated. Annealing to
above 350 K results in an irreversible transition to a
sharp (2% 1) reconstruction. Reconstructions have been
reported in other studies,'? albeit for different prepara-
tion conditions. Daum, Stuhlmann, and Ibach report
that the reconstructions are suppressed by small amounts
of oxygen contamination.!® It is interesting to note that
despite the diffuse LEED pattern at 100 K, indicating
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poor epitaxy, the Auger uptake curve, i.e., the nor-
malized iron signal, Fe(650 eV)/[Fe(650 eV)+Cu(850
eV)], as a function of evaporation time, shows distinct
“breaks” which coincide with the breaks from films
grown at 300 K. In accord with common practice, we
assumed that the first break corresponds to the com-
pletion of one atomic layer (AL), and all thicknesses
given are referenced to this calibration.

Before presenting the magnetic measurements it is im-
portant to state the exact experimental conditions. The
Fe films are magnetized by current pulses through two
orthogonal coils close to the crystal. One coil is oriented
along the surface normal (z direction) for perpendicular
magnetization and the other coil (x direction) supplies
an in-plane magnetic field along a {010 crystal axis.
During the measurements the sample is first magnetized
in plane and the in-plane spin-polarization components
(x and y) are measured. After a perpendicular magnet-
izing pulse the normal polarization (z direction) is mea-
sured. All polarization measurements are performed on
the remanent magnetization, i.e., in zero external field.

In Fig. 1 the switching of the magnetization is demon-
strated for 2.5- and 3.0-AL films. The magnetization
curves clearly show four regions: At low temperature
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FIG. 1. Temperature dependence of the spin polarization of
secondary electrons from two Fe films with slightly different
thicknesses: 2.5 AL (upper panel); 3.0 AL (lower panel). See
text for details.
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the films are magnetized strictly perpendicutar (z direc-
tion), followed by a transition region where the magneti-
zation is essentially zero. Above the transition the mag-
netization is mainly in plane (x direction) with an ad-
mixture of z polarization slightly above the transition.
Heating to above 350 K results in an irreversible loss of
magnetization. This is also the temperature where the
LEED sharpens and changes irreversibly. We therefore
attribute the loss of magnetization around 350 K to a
structural phase transition, possibly into antiferromag-
netic fcc Fe, which is the preferred growth mode at
elevated temperatures.'® This is corroborated by the
fact that subsequent Fe deposition onto the film does not
restore the magnetization. The Auger intensities do not
change significantly upon annealing to 350 K and there-
fore we believe that effects of agglomeration and inter-
mixing are small up to this temperature.
~ We stress, however, that the switching behavior over
the temperature range of 100-350 K is perfectly reversi-
ble. The films could be cycled many times through the
transition. The magnetic behavior did not change over
several hours except for a slight decrease in the absolute
polarizations (< 5%) which can be attributed to con-
tamination from the residual gas. We also note that the
switching transition does not seem to be related to a
structural transition because after the first anneal the
(5x1) structure is stable, and no changes in the LEED
can be detected by visual observation when cycling
through the tramsition. We therefore attribute the
switching transition to the intrinsic temperature depen-
dence of the magnetic anisotropies in the film.

As seen from Fig. 1 the switching temperature T de-
pends very sensitively on the thickness of the film. In
Fig. 2 we show T; for a collection of ten films. T; is
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FIG. 2. Thickness dependence of the transition temperature
T, (“switching temperature”) between perpendicular and in-
plane magnetization.
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defined as the center of the transition region. T shows a
clear decreasing trend with increasing film thickness.
This can be used to estimate the temperature dependence
of the perpendicular anisotropy. If the switching tem-
perature corresponds to the point where the perpendicu-
lar anisotropy K, is compensated by the demagnetizing
field, which is proportional to the thickness, then the an-
isotropy K, decreases by about 20% between 100 and
300 K. This moderate temperature dependence is in
qualitative agreement with recent calculations'® and is,
of course, the reason why the switching behavior can be
observed only over a narrow thickness range.

The most striking and interesting feature in Fig. 1 is
the complete loss of magnetization in the transition re-
gion. There are basically two different explanations for
this behavior. First, at the temperature where the per-
pendicular and the shape anisotropy cancel the system
essentially becomes isotropic and, therefore loses long-
range order, i.e., is in a paramagnetic state. Above the
transition long-range order emerges again (dominated by
the shape anisotropy and in-plane anisotropies). The
transition extends over a finite temperature range be-
cause at a finite temperature a minimum anisotropy is
required to sustain long-range order.* In contrast to this
dynamic picture, one can envision a static domain model
where the loss of magnetization is due to a temperature-
dependent domain size, the domains becoming micro-
scopic over a certain temperature range. Yafet and
Gyorgy ¢ recently showed that in a ferromagnetic mono-
layer with perpendicular magnetization stripe domains
are energetically favorable over a uniform magnetiza-
tion. They showed that the width of the domains de-
pends sensitively on the anisotropy and changes from mi-
croscopic to macroscopic over a narrow range.

These two pictures, dynamic spin fluctuations versus
static domains, are not mutually exclusive, however. The
system might actually go through both phases. Also, the
domain picture becomes questionable when the domain
size becomes comparable to the domain-wall width. It
would be highly interesting to use secondary-electron mi-
croscopy with polarization analysis to spatially resolve
any magnetic domain pattern and follow its evolution
through the transition region.

As mentioned before, above the transition tempera-
ture, the polarization is not purely in plane. Close to the
transition there exists a significant z-polarization com-
ponent. We attribute this to a canted-spin configuration;
i.e., the switching is a continuous turning of the magneti-
zation direction from perpendicular to in-plane orienta-
tion. We also should comment on the occurrence of a
significant y polarization (see lower panel of Fig. 1) in
the temperature range above the transition and also be-
tween 300 and 340 K. These y polarizations were typi-
cally observed in these films. We believe that they are
indicative of temperature-dependent in-plane anisotro-
pies and possibly a tendency towards domain formation

in the in-plane-magnetized films. This would also ex-
plain that the observed polarizations for the in-plane
films are consistently somewhat smaller than the z polar-
izations.

In summary, we have shown that the temperature
dependence of the perpendicular magnetic anisotropy
leads to a reversible transition between normal and in-
plane magnetization in films of 2.5-3.5 atomic layers of
Fe on Cu(100). The transition is accompanied by a loss
of macroscopic remanent magnetization. This is attri-
buted to the loss of long-range order in an isotropic sys-
tem and/or the temperature dependence of the magnetic
domain size.
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